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PHOSPHOPEPTIDES AS MELANOMA
VACCINES

This invention was made with government support under
grant nos. AI033993 and CA134060 awarded by the National

Institutes of Health. The government has certain rights in the
invention.

TECHNICAL FIELD OF THE INVENTION

This invention 1s related to the area of immunotherapy and
immunodiagnostics. In particular, 1t relates to cancer 1mmu-
notherapy and immunodiagnostics.

BACKGROUND OF THE INVENTION

Immunotherapies directed against currently defined
tumor-associated or tumor-specific antigens can enhance
anti-tumor 1mmunity in patients, as detected with 1 vitro
immune monitoring, and yet have had limited clinical success
(1). One reason may be the nature of the targeted antigens, the
majority of which are proteins overexpressed 1n tumor cells
but not essential to maintaining their malignant phenotype.

Phosphorylation 1s the most common and ubiquitous form
of enzyme-mediated post-translational protein modification,
and transient phosphorylation of intracellular signaling mol-
ecules regulates cellular activation and proliferation (2).
Phosphorylation cascades are often dysregulated during
malignant transformation, leading to uncontrolled prolifera-
tion, invasion of normal tissues, and distant metastasis (3, 4).
Limited but growing evidence has shown that tumor-associ-
ated phosphoproteins processed intracellularly through an
endogenous pathway can give rise to phosphopeptides com-
plexed to MHC I molecules which are displayed on the cell
surface (5, 6). CD8™ T cells immunized to specifically recog-
nize these phosphopeptides are also capable of recognizing,
intact human tumor cells, suggesting that phosphopeptides
may represent a new class of targets for cancer immuno-
therapy (5, 6) (ALZ and VHE, unpublished data). In these
studies and others, T cell discrimination of the phosphopep-
tide versus 1ts non-phosphorylated counterpart was observed,
indicating that phosphorylation can influence peptide immu-
nogenicity (5-13). Recent crystal structural definition of
phosphorylated peptide-HLA-A2 complexes demonstrated
direct and indirect interactions of the phosphoresidue with the
MHC molecule, often significantly increasing the affinity of
the phosphopeptide for MHC 1. Additionally, phosphoresi-
dues were solvent-exposed, suggesting the potential for direct
interactions with the T cell receptor (TCR) (14, 15).

Mounting evidence indicates that MHC Il-restricted CD4™
T lymphocytes are a critical component of anti-tumor 1mmu-
nity, and that their activation and recruitment may be required
to optimize cancer immunotherapies (16, 17). A variety of
post-translational modifications have been 1dentified on natu-
rally processed MHC class Il-associated epitopes. These
include N- and O-linked glycosylation, N-terminal acetyla-
tion, nitration, deamidation, and deimination/citrullination
(18). Although an early attempt to detect phosphorylation on
class II MHC peptides met with failure (5), new technology
has now made 1t possible to observe this modification as well
(19). Here we demonstrate the existence of MHC II-associ-
ated phosphopeptides on human melanoma cells and EBV-
transformed B (EBV-B) lymphoblasts, and we define and
compare the sequences of phosphopeptides complexed to
HLA-DR molecules on two autologous pairs of melanoma
and B cell cultures. Furthermore, we show for the first time
the ability of human CD4™ T cells to specifically recognize
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phosphoepitopes displayed in the context of MHC II mol-
ecules, using the example of an HLA-DR[31*0101-restricted
phospho-MART-1 peptide 1solated independently from two
melanoma cell lines. These findings suggest that tumor-asso-
ciated phosphopeptides provide targets for CD4™ as well as
CD8" T cells, potentially enabling the development of new
immunotherapeutic strategies.

There 1s a continuing need 1n the art to 1dentity new thera-
peutic targets and new markers of disease.

SUMMARY OF THE INVENTION

According to one aspect of the mnvention an 1solated phos-
phopeptide 1s provided. It comprises between 9 and 30 con-
tiguous amino acids selected from SEQ ID NO: 1 (MART-1)
including the serine at position 108 of MART-1 which 1s
phosphorylated.

According to another aspect of the invention a method 1s
provided for immunizing a mammal to diminish the risk of,
the growth of, or the invasiveness of a melanoma. A compo-
sition comprising a phosphopeptide 1s administered to the
mammal. The phosphopeptide comprises between 9 and 30
contiguous amino acids selected from SEQ ID NO: 1
(MART-1) including the serine at position 108 of MART-1
which 1s phosphorylated. CD4™ T cells 1n the mammal are
thereby activated.

According to another aspect of the invention a method 1s
provided for stimulating CD4™ T cells. T cells are contacted in
vitro with an 1solated phosphopeptide. The phosphopeptide
comprises between 9 and 30 contiguous amino acids selected
from SEQ ID NO: 1 (MART-1) including the serine at posi-
tion 108 of MART-1 which is phosphorylated. CD4" T cells
are thereby stimulated.

According to yet another aspect of the invention a method
1s provided for characterizing a body sample. A sample 1s0-
lated from a patient 1s contacted with an antibody that spe-
cifically binds to a phosphopeptide that comprises between 9
and 30 contiguous amino acids selected from SEQ ID NO:1
(MART-1) including the serine at position 108 of MART-1
which 1s phosphorylated. The antibody does not bind to a
polypeptide consisting of the same amino acid sequence but
devoid of phosphorylation. Antibody bound to the sample 1s
measured or detected.

According to still another aspect of the invention a binding
molecule 1s provided. The binding molecule comprises an
antigen-binding region of an antibody. The binding molecule

specifically binds to a phosphopeptide that comprises
between 9 and 30 contiguous amino acids selected from SEQ)
ID NO:1 (MART-1) including the serine at position 108 of
MART-1 which 1s phosphorylated. The binding molecule
does not bind to a polypeptide consisting of the same amino
acid sequence but devoid of phosphorylation.

According to another aspect a kit for measuring a phos-
phopeptide 1s provided. The phosphopeptide comprises
between 9 and 30 contiguous amino acids selected from SEQ)
ID NO: 1 (MART-1) including the serine at position 108 of
MART-1 which 1s phosphorylated. The kit comprises a mol-
ecule comprising an antigen-binding region of an antibody.
The molecule specifically binds to the phosphopeptide and
does not bind to a polypeptide consisting of the same amino
acid sequence but devoid of phosphorylation.

According to still another aspect a method 1s provided.
Dendritic cells are contacted 1n vitro with an 1solated phos-
phopeptide comprising between 9 and 30 contiguous amino

acids selected from SEQ ID NO:1 (MART-1) including the
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serine at position 108 of MART-1 which 1s phosphorylated.
The dendritic cells are thereby loaded with the phosphopep-

tide.

These and other embodiments which will be apparent to
those of skill in the art upon reading the specification as a
whole provide the art with tools and methods for character-
1zing, detecting, prognosing, monitoring, treating, and reduc-
ing the risk of primary cancers and metastases.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows that CD4™ T cells specifically recognize the
melanoma-associated phosphopeptide pMART-1. Peptide
recognition by D7-pM T cells raised against pMART-1 (up-
per) 1s compared to recognition by CD4™ HA-specific cells
from the same patient (middle), or by TPImut-specific CD4™
TIL1558 (lower). Peptides were pulsed onto HLA-DR1™
2048-EBV cells. Similar results were obtained using DR17
1363-EBV as APC (not shown).

FIG. 2A-2B show HLA-DRI$31*0101 restriction of
D7-pM CD4™ T cells specific for the pMART-1 peptide. (FIG.
2A) An anti-HLA-DR mAb inhibits T cell recognition of
peptide-pulsed 2048-EBV. (FIG. 2B) T cells recognize
pMART-1 peptide presented by allogeneic DR17 APC. T cell
IFN-v secretion measured by ELISA. 7: Genotype; EBV-B
cell expression of HLA-DR1 was confirmed by flow cytom-
etry. ISI: Stimulation index, ratio of IFN-y secretion 1n
response to pMART-1 versus the irrelevant HA peptide. SI>2
1s considered significant.

FIG. 3: D7-pM T cells specific for pMART-1 peptide rec-
ognize allogeneic intact melanoma cells expressing MART-1
and HLA-DRp1*0101 (upper). In comparison, DRI1-re-
stricted CD4™ TIL 13538 are specific for autologous melanoma
cells expressing the unique tumor antigen TPImut (middle;
39). HLA-DRI1 expression was determined by tlow cytom-
etry (bottom). MART-1 expression was determined by recog-
nition from HLA-A2-restricted MART-1 TCR-transduced T
cells, intracellular staiming with a MART-specific mAb (42),
and/or Northern blotting (32) (bottom). ND, not done.

FIG. 4: (Table 1) provides a table showing characteristics
of HLA-DR-associated phosphopeptides selectively
expressed by melanoma cells. Protein sources were deter-
mined by searching peptide sequences against the nr and
refseq databases for human proteins (using BLAST at the
NCBI website). * Localization: C, Cytoplasm; E, Endosome;
ER, Endoplasmic reticulum; ERM, Endoplasmic reticulum
membrane; G, Golgi; GM, Golgi membrane; LM, Lysosome
membrane; M, Membrane; MIM, Microsomal membrane;
MTM, Mitochondrial membrane; N, Nucleus; NM, Nuclear
membrane; PM, Plasma membrane; UK, Unknown. T: Hypo-
thetical localization. I: pS/1/Y correspond to serine, threo-
nine, or tyrosine-associated phosphorylated residues, respec-
tively; italics, the exact site of phosphorylation could not be
determined. §: Abundance: —, not detected; +, <6 copies per
cell; ++, 6-50 copies per cell; +++, 51-140 copies per cell; nm,
not measured. §: Abundance of peptide containing Met and
Met™”, respectively.

FIG. 5: Recognition of overlapping phospho-MART-1
peptides (SEQ ID NO:11-21) by the CD4+ D7 T cell culture

and D7-F6 T cell clone, raised against pMART-100-111 by
repetitive 1n vitro sensitization under limiting dilution condi-
tions. T cells (3e4 or 1.2ed/well, respectively) were co-cul-
tured overnight with HLA-DR1+ 2048-EBYV cells (1e5/well)
pre-pulsed with phosphopeptides (25 uM or 15 uM, respec-
tively). GM-CSF secretion was measured by ELISA. Back-
ground GM-CSF secretion from T cells+ APC+HA307-319

control peptide were 0.71 and <0.02 ng/ml, respectively.
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Results are representative of 4 separate experiments. Similar
results were obtained with IFNvy secretion. *: Phosphopeptide

eluted from HLA-DR molecules on 1363-mel. $: Phospho-
peptide eluted from HLA-DR molecules on 2048 mel.

FIG. 6: Recognition of overlapping MART-1 phosphopep-
tides by CD4+ D7 T cells raised against pMART-1100-111. T
cells (5ed/well) were co-cultured with peptide-pulsed HL A -
DR1+ 2048-EBYV cells (1e5/well) overnight. GM-CSF secre-
tion was measured by ELISA. Background GM-CSF secre-
tion from T cells+ APC+HA307-319 control peptide (25 uM)
was 0.7 ng/ml. Results are representative ol 3 separate experi-
ments. Stmilar results were obtained with IFNy secretion.

FIG. 7: Recognition of phosphorylated (SEQ ID NO:
14-16, 1 order as shown) vs. non-phosphorylated MART-1
peptides (SEQ ID NO: 22-24, in order as shown) by CD4+ T
cells raised against pMART-100-111. Phospho-MART-spe-
cific D7 T cellsorthe D7-F6 T cell clone (5¢4 cells/well) were
co-incubated overnight with HLA-DR1+ 2048-EBV cells
(1e35 cells/well) pre-pulsed with peptides (25 uM). GM-CSF
secretion was measured by ELISA. Background GM-CSF
secretion from T cells+ APC+HA307-319 control peptide
were 3.6 and <0.02 ng/ml, respectively. Results are represen-
tative of four separate experiments showing specific T cell
recognition of phosphopeptides but not non-phosphorylated
peptides.

DETAILED DESCRIPTION OF THE INVENTION

We have developed markers and immunological targets for
melanoma. We have investigated phosphopeptides, a cat-
egory of tumor-derived epitopes linked to proteins with vital
cellular functions. We demonstrate the ability of human CD4~
T cells to discriminate between a phosphoresidue and 1ts
non-phosphorylated counterpart. Using sequential affinity
isolation, biochemical enrichment, mass spectrometric
sequencing, and comparative analysis, we characterized a
total of 175 HLA-DR-associated phosphopeptides. Most
were expressed exclusively by either melanomas or trans-
formed B cells, suggesting the potential to define cell type-
specific phosphatome “fingerprints”. We generated HLA-
DRB1*0101-restricted CD4™ T cells specific for a phospho-
MART-1 peptide identified 1n two melanoma cell lines. These
T cells showed specificity for phosphopeptide-pulsed antigen
presenting cells as well as for intact melanoma cells. The
MHC Il-restricted phosphopeptides recognizable by human
CD4™ T cells are attractive targets for cancer immunotherapy.

Isolated phosphopeptides are those which have been
extracted from cells or which have been synthesized. Typi-
cally they are in a partially or almost complete state of purity.
The phosphopeptides comprises at least 50%, at least 60%, at
least 70%, at least 80%, at least 90%, or at least 95% by
weilght of the polypeptides present 1n such a state. Usually
they are free of other polypeptides and/or other phosphopep-
tides. Often they are free of human cells. The phosphopep-
tides may have between 9 and 30 contiguous amino acids
selected from SEQ ID NO: 1. In particular, the phosphopep-
tides contain the serine at residue 108 which 1s phosphory-
lated. They may have additional amino acids which are
derived from other proteins located on the N-terminal or the
C-terminal side. They may be attached via covalent or non-
covalent bonds to solid supports such as beads, wells, resins,
or other surfaces. They may be conjugated to other bioactive
moieties, such as toxins. Examples of phosphopeptides which

may be used include those consisting of residues 100-108,
residues 101-109, residues 102-110, residues 103-111, resi-
dues 104-112, residues 105-113, residues 106-114, residues

107-115, and residues 108-116. Others may comprise or con-
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tain residues 100-108, residues 101-109, residues 102-110,
residues 103-111, residues 104-112, residues 105-113, resi-
dues 106-114, residues 107-115, and residues 108-116. Still
others may comprise residues 97-116, residues 99-110, resi-
dues 100-111, residues 100-114, residues 100-113, and resi-
dues 100-116. The phosphopeptides may contain additional
residues or may consist of these recited residues.

The phosphopeptides may be used 1n complexes. One par-
ticularly useful complex 1s with HLA-DR1 proteins. One
particular such protein which may be useful 1s HLA-
DR{3*0101. These proteins may be 1n monomer, dimer, tri-
mer, tetramer, or higher order multimer forms. The com-
plexes may form naturally, based on inherent properties of
complex partners, or they may be designed to multimerize
using specific reagents to bring monomers or dimers together.
Such reagents include, without limitation, immunoglobulin
molecules, biotin, avidin, streptavidin, and the like. The phos-
phopeptides may be covalently or non-covalently bound to
the HLA-DRI1 proteins. The complexes or components may
be conjugated to a detectable label (e.g., a fluorescent moiety,
a radionuclide, or an enzyme that catalyzes a reaction result-
ing 1n a product that absorbs or emaits light of a defined
wavelength). These can be used inter alia to quantitate T cells
from subject (e.g., a human patient) bearing cell surface
receptors that are specific for, and therefore will bind, the
complexes. Relatively high numbers of such T cells are likely
to be diagnostic of a melanoma. One can monitor the relative
numbers of complex-binding T cells as a means of assessing
the course of a disease or the efficacy of therapy. The com-
plexes may be used to stain or label T cells.

Notwithstanding the desired purity or isolation of phos-
phopeptides, they may be purposely mixed with other protein
or phosphopeptide species to achieve desired properties.
Combinations and admixtures may achieve synergistic
results. A mixture may be used to achieve better properties in
a single individual, for example increased avidity, Alterna-
tively, a mixture may be used to achueve wider applicability in
a population of humans. A mixture may also be desired to
impart a combination of distinct activities to a composition or
preparation. Other polypeptides which may be admixed with
MART-1 polypeptides include both phosphorylated and non-
phosphorylated polypeptides. Adjuvants for stimulating
immune responses may be used 1n admixture. Such adjuvants
include without limitation, incomplete Freund’s adjuvant,
QS21, Toll-receptor stimulants, LPS, and other generic and
proprietary adjuvants. Agents for inhibiting regulatory T cells
may be used 1n admixture. Most agents which can be used in
admixtures can also be administered separately to the same
individual. Typically such separate administrations will occur
within a limited window of time, such as within a month,
within a week, within 4 days, within 2 days, within 24 hours,
within 12 hours, or within 2 hours.

Compositions for administration to a human may be pack-
aged 1n a single container or 1n a divided container. Packaging
may include instructions for administration or for analytical
testing. Other reagents or therapeutic agents or immunologi-
cal agents may also be packaged together, forming Kkits.
Therapeutic or prophylactic compositions may be packaged
with delivery devices which may optionally be pre-loaded.

Compositions comprising phosphopeptides or the phos-
phopeptides themselves may be administered to a mammal,
including a human, using any available means of delivery.
Many means ol delivering immunological preparations are
known in the art and any of these may be used. Without
limitation, one could use intradermal, intravenous, intramus-
cular, subcutaneous, intraperitoneal 1njections. The prepara-
tions can be administered without injection, such as by 1ntra-
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nasal or intrabronchial inhalation or instillation. The
compositions can be administered to persons at risk of devel-
oping a melanoma or other cancer which expresses MART-1
phosphopeptides 1n order to reduce the risk of, reduce the
severity of, or delay the onset of such a cancer. The adminis-
tration may be to a person who already has such as cancer in
order to inhibit progression, growth, and/or metastasis of the
cancer. Mammals that can be prophylactically or therapeuti-
cally treated include humans, pets, farm animals, food ani-
mals, laboratory animals. Animal models of human disease
may be so treated.

One method of using the phosphopeptides involves the 1n
vitro simulation or activation of T cells, in particular CD4™ T
cells. For example, T cells can be removed from a patient and
fractionated or not to provide a preparation comprising CD4™
T cells. Stimulated or activated T cells may be transfused
back 1nto the same patient (autologous) or into other patients.
Similarly, the phosphopeptides may be contacted with den-
dritic cells 1n vitro to load them with polypeptides for presen-
tation to T cells. The loaded dendrtic cells may form com-
positions that may be transfused or injected into patients to
enhance or stimulate a T cell immune response.

Antibody molecules and antibody derivatives are well
known 1n the art and include polyclonal and monoclonal
antibodies, humanized antibodies, chimeric antibodies,
single chain variable regions, Fab', and Fab2. Any molecules
that include an antigen-binding region of an antibody can be
used for specific binding to a MART-1 phosphopeptide. The
desirable specificity 1s that the binding molecules will recog-
nize and bind to the phosphopeptide but not to the corre-
sponding non-phosphorylated polypeptide. Antibodies, simi-
lar to CD4™ T cells, can recognize this difference. Antibodies
can be packaged as kits, 1n a single divided or undivided
container. They kits may contain instructions, butiers, control
samples, solid supports, labels, secondary antibodies, etc, as
are known 1n the art. The kits may be used among other
purposes to monitor a disease, detect a disease, or monitor
eificacy of therapy.

Antibody molecules and other binding molecules can be
used analytically. For example, they can be used to detect the
presence or absence of MART-1 phosphopeptides 1n a patient
sample. They can be used to detect the level of MART-1
phosphopeptides 1n a patient sample. Quantitative or non-
quantitative methods may be used to assess binding.

Analytic methods for determining the presence of MART-1
phosphopeptides can be used on samples obtained from a
patient or test subject. Suitable samples include without limi-
tation, biopsies, lymph nodes, blood, serum, plasma, saliva,
lymph, sputum, urine, cerebrospinal fluid, and stool. The
samples may be from normal tissue or cancer tissue. A huge
variety of immunological assay techniques are known 1n the
art and any of these may be used with the phosphopeptide-
binding molecules.

The methods and compositions of the mvention may be
used and/or dertved from humans or non-human animals.
Appropriate mammals include pets, farm animals, compan-
ion animals. Specific examples include dogs, cats, horses,
cows, sheep, pigs, guide dogs.

The above disclosure generally describes the present
invention. All references disclosed herein are expressly incor-

porated by reference. A more complete understanding can be
obtained by reference to the following specific examples
which are provided herein for purposes of illustration only,
and are not intended to limit the scope of the invention.
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Example 1

T Cell Recognmition of the Candidate Phosphopeptide
B-Raf mut?’>"”

To assess the potential for human CD4™ T cells to specifi-
cally discriminate phosphoresidues, we first explored the can-
didate mutant melanoma antigen B-Raf”°"“** (B-Raf mut)
shared by 60% of melanomas (20). The somatic V600E muta-
tion constitutively activates the B-Ral serine-threonine
kinase and hence the MAPK cascade, presumably by mim-
icking a phosphorylation event. V60OE 1s juxtaposed to the
known dominant phosphosite T599. We previously reported
that in vitro stimulation of melanoma patient peripheral blood
mononuclear cells (PBMC) with a non-phosphorylated
29-mer candidate B-Ral mut peptide generated B-Raf mut-
specific HLA-DRp1*0404-restricted CD4" T cells that did
not cross-react with the wild type peptide (B-Raf wt) and that
specifically recognized HLA compatible melanoma cells
expressing B-Rat mut(21). To mvestigate the fine specificity
of MHC II-restricted CD4™ T cells for phosphate moieties, T
cells raised against non-phosphorylated B-Ral mut were
assessed for recognition of synthetic B-Raf mut”*>"”. These T
cells failed to react to the phosphorylated peptide. Con-
versely, we used the monophosphorylated peptide B-Raf
mut??>77 to sensitize new CD4* T cell cultures, which spe-
cifically recognized both B-Raf mut’’>"” and B-Raf wt**>"”
but not their non-phosphorylated counterparts. Using anti-
MHC blocking antibodies and HLLA matched or mismatched
allogeneic antigen presenting cells (APC), we characternized
HILLA-DRI11 as the restricting MHC allele for T cell recogni-
tion of the B-Ratl phosphopeptides (data not shown). T cells
sensitized in vitro against synthetic B-Raf mut’?>" failed to
recognize melanoma cells, suggesting that the hypothetical
epitope might not be generated by intracellular processing, or
that the conformation of the exogenously pulsed peptide-
MHC complex failed to reproduce the conformation of a
naturally processed epitope (22). Importantly however, these
experiments demonstrate for the first time that, similar to
MHC I-restricted CD8" T cells, human CD4™ T cells are
capable of specifically recognizing phosphopeptides com-
plexed to MHC Il molecules, and that the phosphoresidue can
be a critical determinant of recognition.

Example 2

Identification and Characterization of
HLA-DR-Associated Phosphopeptides

To 1dentily naturally processed tumor-associated MHC 11-
restricted phosphopeptides as potential targets for immune
recognition, we aflinity 1solated HLA-DR-peptide complexes
from 2 cultured melanoma lines (1363-mel and 2048-mel)
and their autologous EBV-B cell counterparts (1363-EBV
and 2048-EBV). These cell lines were selected because they
constitutively express significant levels of common HLA-DR
molecules, as assessed with tlow cytometric analysis using
the pan-DR mAb [.243 and HL A allele-specific mAbs (not
shown). By HLA genotyping, 2048-mel and 2048-EBV con-
tain HLA-DRp1*0101, which 1s found in 31% of melanoma
patients (23); DRp1*0404, found 1 6.5% of patients (23);
and DR(4*0103. Notably, 1363-mel and -EBV contain a
single DR molecule, HLA-DR DR(1*0101, affording an
opportunity to isolate phosphopeptides with unambiguous
HILA allele restriction. Patients 2048 and 1363 share HL A-
DR DR31*0101, enabling the possibility of finding com-

monly expressed peptides on cell lines from both patients.
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A total o1 175 phosphopeptides were sequenced from the 4
cell lines (Table 1). Of note, this analysis does not account for
peptides contaiming mutations, which would not be detected
by existing search algorithms (see Materials and Methods).
Twenty-three phosphopeptides were 1solated from 2 or more
cell lines, yielding a total of 150 unique phosphopeptides.
Similar to non-phosphorylated MHC II-associated epitopes,
the average length of the phosphorylated peptides was 16
amino acids (range 8-28) (24). Also characteristic of MHC 11
epitopes, 78% (117 of 150 sequences) were found within
nested sets, defined as groups of peptides sharing core
sequences but having distinct N- and C-termini. Most phos-
phopeptides were specifically expressed by either melanomas
(F1G. 4) or EBV-B cells, although some were expressed by
both cell types. Only 23 phosphopeptide sequences from 7
source proteins were 1dentified from 1363-mel, while a larger
number of phosphopeptide sequences (65) and source pro-
teins (28) were 1dentified from 2048-mel cells. The smaller
number of sequences 1solated from 1363-mel likely retlects
the significantly lower expression of HLA-DR molecules by
these cells as well as their expression of a single DR allele.
Thirty-nine phosphopeptide sequences from 135 proteins, and
48 phosphopeptides from 20 proteins, were 1dentified from
1363-EBV and 2048-EBYV B cells, respectively. As might be
anticipated because patients 1363 and 2048 share the HL A-
DRB1*0101 allele, phosphopeptides common to both
patients occurred, mcluding those found in both melanomas
(melanoma antigen recognized by T-cells 1 (MART-1) and
tensin-3, FIG. 4) or in both EBV-B cell lines (CD20). Experti-
ments are 1n progress with melanomas and EBV-B cells gen-
crated from other patients, to better define cell type-speciiic
phosphatome “fingerprints” and potential immunotherapeu-
tic targets specific for melanomas or EBV-associated malig-
nancies.

Phosphosites were assigned unambiguously for 96% ofthe
175 phosphopeptides sequenced 1n this study. Phosphopep-
tides contained only one phosphorylated residue, with the
exception ol a phosphopeptide derived from irizzled 6 1n
1363-mel, which contained 2 phosphoresidues. Among a
total of 57 defined phosphosites (accounting for redundancy
in nested peptide sets), phosphate moieties were bound to
serine, threonine or tyrosine residues 1 93.0%, 5.3%, and
1.7% of cases, respectively. Interestingly, these frequencies
are similar to those found 1n the HelLa cell-derived phosphop-
roteome (86.4%, 11.8%, and 1.8%, respectively (2)) suggest-
ing that there 1s no significant bias in the processing or MHC
II binding o peptides containing a particular phosphoresidue.
Of note, studies have not identified MHC I-associated phos-
phopeptides containing phosphotyrosine residues; this may
be explained by the generally low frequency of this post-
translational modification, as well as by the relatively small
number of phosphopeptides 1solated in our earlier study com-
pared to the current report (36 vs. 175 phosphopeptides,
respectively (6)). Sixty percent (32 of 53) of the source pro-
teins for the phosphopeptides described 1n this report are
known to be phosphorylated. However only 17 of the 57
defined phosphosites (29.8%) had been previously identified
(Table 1).

The 150 unmique phosphopeptides listed 1n Table 1 and
clsewhere are derived from a total of 53 different protein
sources representing all cellular compartments, although
transmembrane proteins predominate as would be expected
tor MHC II-associated peptides processed through the endo-
somal/lysosomal pathway. For those proteins located 1n the
plasma membrane, the isolated phosphopeptides emanate
from the cytoplasmic tail region. The processing of cytosolic
and nuclear proteins via the MHC II pathway does not {it the
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“classical” model of antigen processing. However, mounting
evidence suggests that autophagy, a stress-activated process
operational 1n intracellular protein turnover, may play a criti-
cal role 1in shunting cytoplasmic proteins 1nto the lysosomal
compartment, thus influencing the MHC II-peptide repertoire
(26, 27). Importantly, the majority of source proteins for the
phosphopeptides found 1n this study are known to support
vital biological functions such as metabolism, cell cycle regu-
lation and intracellular signaling, and they may have impor-
tant roles 1 cancer development, growth and metastasis.
Thus, the dertvative phosphopeptides may provide function-
ally relevant targets for immunotherapy.

Analyzing the abundance of the 1solated phosphopeptides
revealed =50 copies per cell, with rare exceptions (sequesto-
some-1 1 1363-mel, small acidic protein and tensin-3 1in
2048-mel, and CD20 i 2048-EBV were present at 51-140
copies/cell). In fact, many phosphopeptides were found to be
expressed at less than 6 copies/cell (FIG. 4). This hughlights
the exquisite sensitivity of the mass spectrometric methods
used for detection. Because T cell responses may be activated
by fewer than 10 peptide-MHC complexes per cell, the phos-

phopeptides described in this report are potentially immuno-
genic (28-30).

Example 3

Specific CD4™ T Cell Recognition of
Phospho-MART-1

To assess the ability of human CD4™ T cells to specifically
recognize tumor-associated phosphopeptides, we selected
the MART-1,,,.,,, phosphopeptide (pMART-1, containing
pS108) for further study. As shown 1n FIG. 4, a nested set of
phosphopeptides derived from the C-terminus of MART-1

was eluted from both 1363- and 2048-mel which share HLLA-
DR DR{31*0101, but not from the autologous EBV-B cell
lines. Because of 1ts selective expression pattern in cells of the
melanocytic lineage, including normal melanocytes and
melanoma cells, MART-1 (also termed Melan-A) 1s an impor-
tant target of immunotherapeutic approaches for the treat-
ment of melanoma including vaccines and adoptive T cell
transter (31, 32) This transmembrane protein, which 1s local-
1zed to melanosomes and functions to regulate mammalian
pigmentation (33), was not known to be phosphorylated prior
to the current report. However, several non-phosphorylated
MHC class I- and Il-restricted 1 1mmun0gen1c epitopes have
been 1dentified in MART-1, spanming the entire protein (34-
38). Some have provided the basis for synthetic melanoma
peptide vaccines.

Fresh PBMC from melanoma patient D7, with the MHC 11
genotype HLA-DRB1*01, HLA-DQP1*0501, were repeat-
edly stimulated in vitro with the pMART-1 peptide under
microculture conditions. Following several rounds of stimu-
lation, the CD4" microculture designated D7-pM specifically
secreted IFN-v (FIG. 1) and GM-CSF (data not shown) 1n
response to the pMART-1 peptide, but not to the non-phos-
phorylated MART-1 peptide pulsed onto DRI1-expressing
APC. In titration experiments, pMART-1 could be recognized
at concentrations <1 uM (not shown). As shown 1n FIG. 1, the
tensin-3, ... ,44s phosphopeptide (plensin-3), also eluted
from 1363-mel, was not recognized by D7-pM T cells nor
were other peptldes having high affinity for HLA-DRI,
including TPImut and HA. Conversely, CD4™ T cells Spec1ﬁc
for TPImut or HA secreted cytokines 1n response to their
cognate epitopes but were not stimulated by pMART-1. These
data suggest that CD4" D7-pM T cells specifically recognize
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pMART-1 and that the phosphorylated serine residue 1s a
critical determinant of recognition.

A nested set of four MART-1 phosphopeptides was eluted
from 1363-mel and 2048-mel, sharing HLA-DR1*0101
(F1G. 4). Because phosphopeptldes complexed to MHC mol-
ecules were aflinity-eluted on an anti-HLA-DR column, and
because HLA-DR31*0101 1s the only DR molecule con-

tamned 1 1363-mel by genotyping, we hypothesized that
HLA-DRpP1*0101 was the restriction element for pMART-1
recognition by CD4" D7-pM T cells. This was investigated
with two complimentary approaches: anti-MHC mAbs were
used to inhibit T cell recognition of peptide-pulsed APC, and
a panel of allogeneic APC with diverse HLA types was used
to present pMART-1 to T cells (FIG. 2). T-cell recognition of
DR1™ 2048-EBV pulsed with pMART-1 was significantly
inhibited by mAb directed against HLA-DR (L.243) but not
against HLA-DQ, HLA-DP, or class I MHC (FIG. 2A). Fur-
thermore, D7-pM T cells specifically recognized the
pMART-1 peptide only when pulsed onto allogeneic EBV-B
cells sharing HLA-DRpP1*0101 (FIG. 2B). Next we sought to
determine whether D7-pM T cells could also recognize whole
melanoma cells expressing MART-1 and HLA-DR31*0101.
As shown 1 FIG. 3, D7-pM T cells recogmized all of three
allogeneic melanomas tested which expressed both HLA-
DR{31*0101 and MART-1, but failed to recognize DR1 or
MART-1 negative cells. In the same experiment, DR1-re-
stricted CD4" TIL 1558, specific for the TPImut antigen
unique to 1558-mel, recognized 1558-mel but not the other
tumors (39). Two repeat experiments yielded similar results
(not shown). HLA-DR restriction of tumor recognition by T

cells was confirmed with anti-MHC mAb blockade (not
shown). Of interest, while D7-pM CD4" T cells specifically
reacted against intact DR1%, MART-17 tumor cells, they
failed to recognize DR1™ EBV-B cells pulsed with lysates of
MART-17 tumors. In the same experiment, CD4" TIL 1358
recognized processed 1558-mel lysate and provided a posi-
tive control for exogenous pathway processing (39) (not
shown). Thus, although MART-1 1s a transmembrane protein,

the pMART-1 epitope did not appear to be processed through
the exogenous/endosomal route 1n these preliminary experi-
ments. Future work will address the mechanism by which
pMART-1 1s processed intracellularly for presentation in the
context of MHC class II molecules.

In summary, our demonstration of phosphopeptides asso-
ciated with human MHC II molecules has revealed a new
cohort of tumor antigens potentially recognizable by the
immune system and therefore targetable by cancer immuno-
therapies. Although tumor-associated MHC class Il-re-
stricted phosphopeptides were previously thought to be
degraded within the MHC II processing environment, recent
technological advances have enabled us to identify a large
number of phosphoepitopes from both melanoma and EBV-B
cell lines. These may provide optimal targets for immuno-
therapy, since intracellular phosphoproteins associated with
dysregulated signaling pathways play an important role 1n
supporting the malignant cell phenotype and 1n providing
escape mechanisms from anti-neoplastic agents. MART-1, a
commonly expressed melanoma antigen containing MHC I-
and II-restricted epitopes, has been a focus of cancer immu-
notherapeutics for over a decade and has now been revealed
as a phosphoprotein recognizable by phosphopeptide-spe-
cific CD4" T cells derived from a melanoma patient. Simi-
larly, two phosphoproteins shown here to be sources for MHC
II-restricted peptides, tensin-3 and insulin receptor substrate
2, have previously been shown to generate MHC I-restricted
phosphopeptides (6). These findings suggest opportunities
for developing combinatorial treatment approaches, using
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both MHC I- and II-restricted phosphopeptides as immuno-
gens for raising potent polyvalent tumor-specific immunity.

Example 4
Materials And Methods

Cultured Cell Lines.

Human tissues were obtained through protocols approved
by the Institutional Review Boards of the National Cancer
Institute, NIH and the Johns Hopkins University School of
Medicine. HLA genotypes of patients and cultured cell lines
were determined by the NIH W.G. Magnuson Clinical Center
HILLA Laboratory (Bethesda, Md.) using sequence specific

PCR techmques.

Isolation of HLA-DR-Associated Peptides.

To prepare cells for extraction of MHC-peptide complexes,
growing cultures were harvested and spent medium was
removed by centrifugation. Cells were washed twice 1n cold
PBS, and dry cell pellets were snap frozen on dry ice and
stored at —80° C. for subsequent lysis. HLA-DR/peptide com-
plexes were immunoaifinity-purified from melanoma and
EBV-B cells, and the associated peptides were extracted
according to methods for MHC I-associated peptides (6) with
minor modifications.

Phosphopeptide Enrichment.

Immunoailinity-purified peptides were converted to
methyl esters as previously described (6). A phosphopeptide
standard, angiotensin II phosphate (100 fmole), was spiked
into all samples prior to the esterification step to monitor the
eificiency of the phosphopeptide enrichment.

Phosphopeptide Sequence Analysis by Tandem Mass
Spectrometry.

Phosphopeptides were analyzed by nanoflow HPLC-mi-
croelectrospray 1onization (nHPLC-uESI) coupled to either a
hybrid linear quadrupole 1on trap-Fourier-transform ion
cyclotron resonance (LTQ-FT) mass spectrometer (Thermo
Fisher Scientific, San Jose, Calif.) or an LT(Q) mass spectrom-
cter (Thermo Fisher Scientific) modified to perform ETD. A
precolumn loaded with phosphopeptides was connected with
polytetrafluoroethylene tubing [0.06-1n 0.d. and 0.012-1n 1.d.
(1 1n=2.54 c¢m); Zeus Industrial Products, Orangeburg, S.C.]
to the end of an analytical HPLC column (360-um o.d. and 50
um 1.d.,) containing 7 cm of C18 reverse-phase packing mate-
rial (5-um particles, YMC). Phosphopeptides were eluted to
the mass spectrometer at a tlow rate of 60 nl/min with a
gradient; 0-60% B 1n 20 min, 60-100% B 1n 5 min, [A=0.1 M
acetic acid (Sigma-Aldrich) in H,O; B=70% acetonitrile
(Malinckrodt, Phillipsburg, N.J.) and 0.1 M acetic acid 1n
H,O. Parameters used to acquire ETD/MS/MS spectra 1n a
data-dependent mode on the modified LTQ instrument have

been described previously (40).
Data Analysis.

ETD and CAD MS/MS spectra of class II phosphopeptides
were mterpreted manually by J. S. and D. F. H. Data for the
175 sequences reported here were unambiguous. None of the
sequences were assigned by software. Approximate copy/cell
numbers for each phosphopeptide were determined by com-
paring peak areas of the observed parent 1ons to that of angio-
tensin II phosphate (DRV[pY |IHPF, 100 fmol) (Calbiochem)
spiked into the sample mixture prior to peptide esterification
and 1mmobilized metal affimty chromatography. Specific
functional and intracellular localization information for
source proteins was determined from the Uniprot database,
available on the internet. Source proteins for the identified
phosphopeptides were searched in the Phospho-ELM data
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base, available on the internet (41) to determine 11 the phos-
phoresidue was previously described or novel.

Generation of Human Phosphopeptide-Specific CD4™ T
Cells.

Peptide-specific CD4™ T cells were raised by repetitive 1n
vitro stimulation of PBMC from melanoma patients, as

described (21). For candidate B-Ral phosphopeptides,
patients were selected whose melanomas harbored the com-

mon T1799A (V600E) mutation. For pMART-1, selected
patients expressed the HLA-DRI1*0101 allele. Brietly,
PBMCs were cultured in flat-bottom 96-well plates at 2x10°
cells/well in RPMI 1640 plus 10% heat-inactivated human
AB serum. GM-CSF (200 units/ml) and IL-4 (100 units/ml;
PeproTech Inc., Rocky Hill, N.J.) were added on day 0 to

generate dendritic cells as APCs, along with 25 uM peptide.
Recombinant IL-2 120 IU/ml was added to lymphocyte cul-
tures on day 7 and replenished every 4-7 days. For pMART-1
experiments, I1L-7 and IL-15 were also added at 25 ng/ml at
day 7 and replenished every 4-7 days. Thereatter, T cells were
restimulated every 10-14 days with irradiated autologous
PBMC or EBV-B cells pulsed with phosphopeptide, 1x10°

feeder cells/well. Long-term CD4™ T cell cultures were main-
tamned 1n 120 IU/ml IL-2 and 20% conditioned medium from
lymphokine activated killer cell cultures (B-Raf-specific T
cells) or 120 IU/ml IL-2, 25 ng/ml IL-7 and 25 ng/ml IL-15
(PMART-1-specific T cells). CD4" TIL from melanoma
patient number 1538, recognizing a unique HLA-DRI -re-
stricted mutant TPI epitope, were used as controls in some
experiments (39).

T Cell Recognition Assays.

To assess specific peptide recognition, 0.2-10x10° T cells/
well were co-cultured overnight in tlat-bottom 96-well plates
with 1x10°> EBV-B cells that had been pre-pulsed for 16-24 h
with peptides at 20 uM (pB-Raf experiments) or 25 uM
(PMART-1 experiments). Culture supernatants were then
harvested, and GM-CSF or IFN-y secretion by activated T
cells was measured using commercially available ELISA kits
(R&D Systems, Minneapolis, Minn.). When allogeneic
EBV-B cells were used as APC to determine the MHC restric-
tion of peptide-specific T cells, excess peptide was washed off
betore combining APC with T cells. Intact tumor cell recog-
nition was tested by incubating T cells (5x10%*/well) in micro-
titer plates with melanoma cells (1x10°/well) for 20 h. In
some assays, mAb directed against MHC molecules were
used to inhibit T cell reactivity, including W6/32 (IgG2a,
anti-MHC class I, ATCC), L243 (IgG2a, anti-HLA-DR,
ATCC), B7/21 (IgG1, anti-HLA-DP, Becton Dickinson, San
Jose, Calif.) and SPVL3 (IgG2a, anti-HLA-DQ, Beckman
Coulter, Marseilles, France). Final concentrations of mAb 1n
blocking assays were 2.5 ug/ml for B7/21 and 20 pug/ml for
the others. Surface expression of HLA-DR1 on tumor and
EBV-B cells was confirmed by flow cytometry after staining
with biotinylated anti-DR1, 10, 103 (One Lambda, Canoga

Park, Calif.) and counter-staining with streptavidin-PE.

Example 5

Recognition of Phospho-MART-1 Peptides by CD4+
T Cells

The phosphate 1s a critical determinant for TCR recogni-
tion, as demonstrated using the D7 T cell line ora CD4™* T cell
clone (D7-F6) specific for pMART-1 (FIG. 7). These cells
secreted the cytokine GM-CSF inresponse to phosphorylated
MART-1 peptides pulsed onto DR1-expressing APCs, but not
to their non-phosphorylated homologs.
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Having established that phosphorvlation 1s essential for
TCR recognition, we next examined recognition of a series of

synthetic overlapping phospho-MART-1 peptides, 1n order to
identily other determinants of T cell reactivity (FIGS. 5 and
6). Similar to pMART-1,,,_,, (SEQ ID NO:17), a series of
naturally occurring C-terminally truncated phosphopeptides
(PMART-1,,5.,15 (SEQ ID NO: 16), pMART-1,,_,,. (SEQ
ID NO: 13), pMART-1,,5.,,; (SEQ ID NO: 14)) and the
synthetic peptide pMART-1,¢_; 5 (SEQID NO: 13) were also
capable of stimulating T cell reactivity, indicating that resi-
dues Glnl11 through Tyr116 are not involved 1n critical inter-
actions with TCR. Indeed, removal of Ser, , , and Pro , , (com-
pare pMART-1,,0.,2 (SEQ ID NO: 15) with
pPMART-1,,4.,,; (SEQID NO: 14)) resulted 1n an increase in
T cell activa

In sharp contrast to C-terminal residues Gln, ,, to Tyr, ,
N-terminal residues Leu, 4~ to Glu, , , contain important deter-
minants for T cell recogmtion, besides the critical pSer, 44
residue. Thus, removal of Glul10 (compare pMART-1,5_,,,
(SEQ ID NO: 13) with pMART-154 ;40 (SEQ ID NO: 12))
abrogated T cell stimulation.

Removal of N-terminal residues Alal100, Pro101, Pro102,
and Alal03 (APPA motil) effectively abolished TCR recog-
nition, as evident from comparing T cell stimulation by
PMART-1, 5.4 (SEQ ID NO: 15) versus pMART-1,,5_;4
(SEQ ID NO: 20), and pMART-1,,,.,,5s (SEQ ID NO: 16)
versus pMART-1,,..,,5 (SEQ ID NO: 21). These four N-ter-
minal residues must include structural determinants required
for TCR recognition.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 24
<210>
<211>
<212>

<213>

SEQ ID NO 1
LENGTH: 118
TYPE: PRT
ORGANISM: Homo sapiens

<400> SEQUENCE: 1
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Met Pro Arg Glu

1
His

Leu

AYg

Gly

65

His

Val

Pro

Gly

Thr

Arg

50

Thr

Pro

Pro

Hig

Vval

35

ATrg

Gln

ASp

Asn

Pro
115

Ser
20

Tle

Agn

Ser

Ala
100

<210> SEQ ID NO
«211> LENGTH: S
<212> TYPE: PRT

<213>

ORGANISM:

<400> SEQUENCE:

2la Pro Pro Ala

1

Leu

Gly

Ala

Lys

85

Pro

Sexr

Homo sapiens

2

Ala

Thr

Gly

Leu
70
Val

Pro

Pro

His

Thxr

Vval

AYg

55

Thr

Ser

Ala

Phe

Ala

Leu

40

Ala

Arg

Leu

Tle

Glu

25

Leu

Leu

Arg

Gln

Glu
105

Tyvr Glu Lys Leu Ser

5

Tyr
10

Glu

Leu

Met

Gly

Ala

Tle

ASpP

Pro

75

Lys

Leu

Ala

Gly

Lys

60

Gln

ASn

Ser

Pro

Gly

Cys

45

Ser

Glu

2la

ITle

30

Trp

Leu

Gly

Glu

Glu
110

Lys
15

Gly

His

Phe

Pro
. BN

Gln

Gly

Ile

Val
Asp
80

Val

Ser



<210> SEQ ID NO
<«211> LENGTH: 9

<212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Pro Pro Ala Tyr
1

<210> SEQ ID NO
«<211> LENGTH: 9
<212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Pro Ala Tyr Glu
1

<210> SEQ ID NO
«<211> LENGTH: 9
<212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Ala Tyr Glu Lys
1

<210> SEQ ID NO
«<211> LENGTH: 9
<212> TYPRE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Tyr Glu Lys Leu
1

<210> SEQ ID NO
«<211> LENGTH: 9
«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE :
Glu Lys Leu Ser

1

<210> SEQ ID NO
«<211> LENGTH: 9
«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Lys Leu Ser Ala
1

<210> SEQ ID NO
<211> LENGTH: 9
«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Leu Ser Ala Glu
1

<«210> SEQ ID NO

17

Homo sapiens

3

Glu Lys Leu Ser Ala
5

Homo sapiens

4

Lys Leu Ser Ala Glu
5

Homo sapiens
5

Leu Ser Ala Glu Gln
5

Homo sapiens

Ser Ala Glu Gln Serxr
5

Homo sapiens
7

2la Glu Gln Ser Pro
5

Homo sapiens
8

Glu Gln Ser Pro Pro
5

Homo sapiens

Gln Ser Pro Pro Pro
5

10
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-continued

<211l> LENGTH: 9
<212> TYPE: PRT
<213> ORGANISM: Homo sapilens

<400> SEQUENCE: 10

Ser Ala Glu Gln Ser Pro Pro Pro Tyr
1 5

<210> SEQ ID NO 11

<211l> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapilens

<400> SEQUENCE: 11

Val Pro Asn Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser
1 5 10 15

Pro Pro Pro Tyr
20

<210> SEQ ID NO 12

<211> LENGTH: 12

<212> TYPRE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 12

Pro Asn Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala
1 5 10

«<210> SEQ ID NO 13
<211> LENGTH: 12
«212> TYPE: PRT

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 13

Asn Ala Pro Pro Ala Tyvr Glu Lys Leu Ser Ala Glu
1 5 10

<210> SEQ ID NO 14

<211> LENGTH: 12

<212> TYPRE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 14

Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln
1 5 10

<210> SEQ ID NO 15

<211> LENGTH: 15

<212> TYPRE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 15

Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro Pro
1 5 10 15

<210> SEQ ID NO 16

<211> LENGTH: 16

<212> TYPRE: PRT

<213> ORGANISM: Homo sapilens

<400> SEQUENCE: 1o

Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro Pro Pro
1 5 10 15

20
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-continued

<210> SEQ ID NO 17
<211> LENGTH: 17
«212> TYPE: PRT

<213> ORGANISM: Homo sapilens
<400> SEQUENCE: 17

Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro Pro Pro
1 5 10 15

Tyr

<210> SEQ ID NO 18

<211> LENGTH: 12

<212> TYPRE: PRT

<213> ORGANISM: Homo sapilens

<400> SEQUENCE: 18

Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser
1 5 10

<210> SEQ ID NO 19

<211> LENGTH: 12

<212> TYPRE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 19

Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro
1 5 10

«<210> SEQ ID NO 20
<211> LENGTH: 12
«212> TYPE: PRT

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 20

Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro Pro
1 5 10

<210> SEQ ID NO 21

<211> LENGTH: 12

<212> TYPRE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 21

Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro Pro Pro
1 5 10

<210> SEQ ID NO 22

<211> LENGTH: 12

<212> TYPRE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 22

Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln
1 5 10

<210> SEQ ID NO 23

<211> LENGTH: 15

<212> TYPRE: PRT

<213> ORGANISM: Homo sapilens

<400> SEQUENCE: 23

Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro Pro
1 5 10 15

22
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24

-continued

<210>
<211>
<212 >
<213>

SEQ ID NO 24

LENGTH: 1o

TYPE: PRT

ORGANISM: Homo sapilens
<400>

SEQUENCE: 24

Ala Pro Pro Ala Tyr Glu Lys Leu Ser Ala Glu Gln Ser Pro Pro Pro

1 5 10

The invention claimed 1s:

1. A composition comprising: an 1solated phosphopeptide
consisting of between 9 and 30 contiguous amino acids
selected from SEQ ID NO:1 (MART-1) including motif

YEKLSA (residues 104-109 of SEQ ID NO: 1) contalmng
the serine at position 108 of MART-1, wherein the serine 1s
phosphorylated, wherein the phosphopeptide binds to HL A-
DR1; and

an effective amount of an immune adjuvant.

2. The composition of claim 1, which 1s substantially free
ol other polypeptides.

3. The composition of claim 1, which 1s substantially free
of human cells.

4. The composition of claim 1, wherein the phosphopep-
tide 1s 1n a complex with an HLADR1 molecule.

5. The composition of claim 4 wherein the complex 1s a
tetramer.

6. The composition of claim 3 which comprises an admix-
ture with one or more distinct phosphopeptides.

7. The composition of claim 6 wherein the one or more
distinct phosphopeptides are melanoma-specific.

8. The composition of claim 4 wherein the HLA-DRI1
molecule 1s HLA-DRB1*0101.

9. The composition of claim 1 wherein the 1solated phos-
phopeptide consists of an amino acid sequence selected from
the group consisting of: residues 97-116 (SEQ ID NO: 11),
residues 99-110 (SEQ ID NO: 13), residues 100-111 (SEQ ID
NO: 14), residues 100-114 (SEQ ID NO: 15), residues 100-
115 (SEQ ID NO: 16), and residues 100-116 (SEQ ID NO:
17).

10. The composition of claim 5 which comprises a speciiic
reagent to bring monomers or dimers together as a tetramer.

11. The composition of claim 35 which comprises biotin as
a specific reagent to bring monomers or dimers together as a
tetrametr.

12. The composition of claim 3 which comprises (a) biotin
and avidin or (b) biotin and streptavidin as specific reagents to
bring monomer or dimers together as a tetramer.

13. The composition of claim 1 wherein the phosphopep-
tide consists of the amino acid sequence of SEQ ID NO: 14.

14. The composition of claim 8 wherein the complex 1s a
tetramer.

15. A composition comprising: an 1solated phosphopeptide
consisting of between 9 and 30 contiguous amino acids
selected from SEQ ID NO:1 (MARI-1) including motif
YEKLSA (residues 104-109 of SEQ ID NO: 1) contalmng
the serine at position 108 of MART-1, wherein the serine 1s
phosphorylated, wherein the phosphopeptlde binds to HL A-
DR1, and wherein the phosphopeptide 1s detectably labeled.

16. A composition comprising: an 1solated phosphopeptide
consisting of between 9 and 30 contiguous amino acids
selected from SEQ ID NO:1 (MART-1) including motif
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YEKLSA (residues 104-109 of SEQ ID NO: 1) contaiming

the serine at position 108 of MART-1, wherein the serine 1s
phosphorylated, wherein the phosphopeptide binds to HLA-
DR1, and wherein the phosphopeptide 1s bound to a solid
support.

17. A composition comprising: an isolated phosphopeptide
consisting of between 9 and 30 contiguous amino acids
selected from SEQ ID NO:1 (MART-1) containing the serine
at position 108 of MART-1, wherein the serine 1s phosphory-
lated, wherein the phosphopeptide binds to HLA-DR1, said
phosphopeptide selected from the group consisting of resi-
dues 101-109 (SEQ ID NO:3), residues 102-110 (SEQ ID
NO:4), residues 103-111 (SEQ ID NO: 5), residues 104-112
(SEQ ID NO: 6), residues 97-116 (SEQ ID NO: 11), residues
99-110 (SEQ ID NO: 13), residues 100-111 (SEQ ID NO:
14), residues 100-114 (SEQ ID NO: 15), residues 100-115
(SEQ ID NO: 16), and residues 100-116 (SEQ ID NO: 17);
and

an elfective amount of an adjuvant.

18. The composition of claim 1 wherein the 1solated phos-
phopeptide consists of an amino acid sequence selected from
the group consisting of: residues 101-109 (SEQ ID NO:3),
residues 102-110 (SEQ ID NO:4), residues 103-111 (SEQ ID
NO: 5), residues 104-112 (SEQ ID NO: 6), residues 97-116
(SEQ ID NO: 11), residues 99-110 (SEQ ID NO: 13), resi-
dues 100-111 (SEQ ID NO: 14), residues 100-114 (SEQ ID
NO: 15), and residues 100-115 (SEQ ID NO: 16).

19. The composition of claim 15 wherein the 1solated phos-

phopeptide consists of an amino acid sequence selected from
the group consisting of residues 101-109 (SEQ ID NO:3),

residues 102-110 (SEQ ID NO:4), residues 103-111 (SEQ ID
NO: 5), residues 104-112 (SEQ ID NO: 6), residues 97-116
(SEQ ID NO: 11), residues 99-110 (SEQ ID NO: 13), resi-
dues 100-111 (SEQ ID NO: 14), residues 100-114 (SEQ ID
NO: 15), and residues 100-115 (SEQ ID NO: 16).

20. The composition of claim 16 wherein the 1solated phos-
phopeptide consists of an amino acid sequence selected from

the group consisting of residues 101-109 (SEQ ID NO:3),
residues 102-110 (SEQ ID NO:4), residues 103-111 (SEQ ID
NO: 5), residues 104-112 (SEQ ID NO: 6), residues 97-116
(SEQ ID NO: 11), residues 99-110 (SEQ ID NO: 13), resi-
dues 100-111 (SEQ ID NO: 14), residues 100-114 (SEQ ID
NO: 15), and residues 100-115 (SEQ 1D NO: 16.

21. The composition of claim 17 wherein the 1solated phos-
phopeptide consists of an amino acid sequence selected from
the group consisting of residues 101-109 (SEQ ID NO:3),
residues 102-110 (SEQ ID NO:4), residues 103-111 (SEQ ID
NO: 5), residues 104-112 (SEQ ID NO: 6), residues 97-116
(SEQ ID NO: 11), residues 99-110 (SEQ ID NO: 13), resi-
dues 100-111 (SEQ ID NO: 14), residues 100-114 (SEQ ID
NO: 15), and residues 100-115 (SEQ ID NO: 16).
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